The L-type calcium current was investigated in normal and hypertrophied rat ventricular myocytes as a possible cause of the action potential lengthening that has been reported during hypertrophy. Regulation of the calcium current (lCa) by a ,B-adrenergic agonist (isoproterenol) was also analyzed since P-agonist-induced positive inotropy is less marked in hypertrophied 
The L-type calcium current was investigated in normal and hypertrophied rat ventricular myocytes as a possible cause of the action potential lengthening that has been reported during hypertrophy. Regulation of the calcium current (lCa) by a ,B-adrenergic agonist (isoproterenol) was also analyzed since P-agonist-induced positive inotropy is less marked in hypertrophied heart. Left ventricular hypertrophy was induced by stenosis of the abdominal aorta. For recording 1Ca, the whole-cell patch-clamp technique was used. Potassium currents were suppressed by replacing K' ions with Cs+ ions in both the extracellular and intracellular media, and sodium current was blocked by 50 AM tetrodotoxin. The Ca'+ current was C hronic overloading of the heart induces hypertrophy of the myocardium, leading to structural, biochemical, and functional alterations of the myocardial cells.1 The depressed contractility state of hypertrophied hearts might involve the excitation-contraction coupling process in which the transsarcolemmal Ca2`influx is a key element.
Prolonged action potential duration is a general property of hypertrophied hearts in different species. [2] [3] [4] This has also been shown in myocytes isolated from hypertrophied hearts.5-7 Some experiments with multicellular preparations have attributed this prolongation to a slower inactivation of the slow inward current. 28 This was reinforced by the the slow component of calcium current (lCa) inactivation is increased.6'9 Besides changes in kinetics, the amplitude of the ionic currents underlying action potential could also be affected. A previous study by Ten Eick et al10 suggested that the magnitude of both the slow inward current and late outward current is decreased in the papillary muscle of cats with pressure overload-right ventricular hypertrophy. A more recent analysis on the same model conducted on isolated cells extends this work and suggests that there is no change in 'Ca density and a decrease in outward current. 6 On the other hand, a 2.5 -fold increase in peak 'Ca density is shown in Goldblatt renovascular hypertensive rats.9 Information about calcium channel density is also available from nitrendipine binding studies. Hypertension decreased the number of calcium channel receptor binding sites in inotropic agents could also be due to a modification of the sarcolemmal receptor function. Contradictory results have been reported after ,B-adrenergic stimulation with differences related to the model of hypertrophy and the level of circulating catecholamines. In the hypertrophied rat heart after abdominal aortic constriction, as used in this study, a depressed responsiveness to isoproterenol has been reported. 15 In the present study using whole-cell patch-clamp, we compared the characteristics of 'Ca in normal and hypertrophied left ventricular rat cells after aortic stenosis. The relation between depressed fl-adrenergic inotropic response and ICa modulation in the rat hypertrophied myocardium was also investigated.
Materials and Methods Aortic Stenosis
Surgery was performed on male Wistar rats (180-200 g). They were fed ad libitum with M25 biscuits (Extra Labo, Pietrement, Provins, France) until operated or killed. Rats were anesthetized by an intraperitoneal injection of 0.05 mg* g`sodium pentobarbital.
Abdominal aortic stenosis was induced using Weck forceps (Edward Weck & Co., Research Triangle Park, N.C.) modified according to the method of Cutilleta et al16; each operated rat was paired with a sham-operated rat of the same weight. The rats were killed for experiments 4-5 weeks after the surgery.
Since hearts had to be kept intact to undergo the digestion procedure used to isolate myocytes, the total wet weight of the heart was taken into account to estimate the hypertrophy. The heart was rapidly extracted from the animal and rinsed in cold saline solution. Excess mediastinal tissues were removed; the heart was then placed into a tared beaker containing cold saline solution. Only hypertrophied hearts with a heart weight/body weight ratio greater than 30% compared with the ratio of sham-operated hearts were selected.
Cell Preparation
Myocytes were isolated according to the method of Wittenberg et al. 17 At the end of the collagenase perfusion, a piece of left ventricle was cut off and stirred to obtain cells. The isolated cells were centrifuged through Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden) to increase the proportion of intact myocytes (90%). The cells were suspended in tissue culture in Petri dishes at 370 C. These cells were used within 10 hours of their isolation.
Solutions
The cells in a tissue culture dish were superfused by gravity with a solution containing (mM) CsCI 20, NaCl 
Results

Animal and Cell Characteristics
Body weight of stenosed rats did not differ from that of sham-operated rats (Table 1) . Heart weight of stenosed rats selected for this study was significantly higher (+48.5%) than that of the sham-operated rats, which is in agreement with the expected left tp<0.01 compared with normal rats. ventricular hypertrophy. The heart weight/body weight ratio (in milligrams per gram) was significantly larger in the stenosed group than in the sham-operated group, as expected. Chronic heart failure never occurred in this model, as confirmed by anatomic examination of the lungs and liver.
Cells isolated from hypertrophied hearts were significantly larger than those from sham-operated hearts ( Table 1 ). The myocyte surface area, assuming a cylindrical cell shape in which the diameter corresponds to the width, was significantly larger in hypertrophied hearts (+47.8%) than in control hearts. The similar increases in heart weight/body weight ratio and myocyte surface area clearly show that hypertrophy occurred at the cellular level.
Action Potentials
In this model of hypertrophy by aortic stenosis, an increase in action potential duration of ventricular fibers was already reported.22 However, no results are available on isolated cells. Figure 1 shows recordings of action potentials from normal and hypertrophied ventricular cells obtained in 5.4 mM extracellular potassium and 140 mM intracellular potassium, instead of cesium, with no change in the other ions or metabolites (see "Materials and Methods"). The action potentials from normal cells displayed the same characteristics as generally recorded with a patch electrode containing EGTA, that is, a short action potential with suppression of the late plateau.5 '23 nor was the resting potential. Since repolarization of the action potential is the result of a fine balance between the outward and inward currents and since Ic, is known to play a major role at the plateau level, changes in lCa amplitude and/or kinetics could account for the above results.
Recording of the Calcium Current
Current recordings were performed in the presence of tetrodotoxin and cesium and were compared with those obtained after the addition of 2 mM Cd2'.
Subtraction of the cadmium-resistant current from the total current gives a slow inward current ( Figure  2A ). Current-voltage relations were established in both control and cadmium-containing solutions for the maximal inward current ( Figure 2B ) and for the current at the end of the 200 -msec pulse ( Figure 2C ). Figure 2B shows that the cadmium-sensitive current and the inward current, estimated by the difference between the peak inward current and the current at the end of the 200-msec pulse, have a similar amplitude and voltage dependence. Analysis on an expanded scale of the current at 200 msec reveals that it had a rather complex voltage dependence, whereas the cadmium-resistant current increased smoothlywithvoltage. The cadmium-sensitive, bimodal, inward current at 200 msec was sometimes superimposed on a small outward current that increased with increasing depolarizations. Rundown Table 3 . The significant increase in membrane capacitance (+78%) was in agreement with hypertrophy of myocytes, as were cell dimensions. ICa amplitude of hypertrophied cells was also significantly larger (+88%). However, since membrane capacitance and lCa amplitude increased in the same order, the current density expressed by the Ica/membrane capacitance ratio was similar in both cell types. The current density-voltage relations are superimposable ( Figure 3B ).
A kinetic analysis was performed on lc, elicited by varying membrane depolarization. Most generally two components were detected so that ICa could be described by the equation:
Ica=Af.e -0.8. adrenergic stimulation in the normal and hypertrophied cells could be due, among other activities, to a decrease in the intrinsic activity of the adenylate cyclase and/or in the phosphorylation of the calcium channel by protein kinase A. To check these hypotheses, the effects of external application of 10 ,uM forskolin and of internal dialysis of 50 ,uM cyclic AMP were investigated on both cell types. The maximal responsiveness of 1c0 to isoproterenol, cyclic AMP, and forskolin is illustrated in Figure 8 . The This study reports a prolongation of the action potential of isolated hypertrophied cells after aortic banding. Previous studies5-7 on other models also showed prolongation of action potential of hypertrophied isolated myocytes. In our experimental conditions, recordings of action potentials were made with a patch electrode containing EGTA and allowed control of the internal medium, which suggests that direct changes of ionic conductances may trigger the above effects.
We have compared Ca2+ currents recorded under whole-cell patch-clamp techniques in normal and duration we used, to the nonspecific background current, or to the window current as supported by the steady-state activation and inactivation voltage dependence of Ica ( Figure 5 ). In fact, the expected window current would be less than 5% of maximal peak current at -20 mV and much less above -5 mV because either the product of the steady-state activation and inactivation curves is small in the -5 to + 10 mV range or the driving force is reduced for more positive potentials. This further justifies our experimental procedure in which 'Ca is estimated at 0 mV, the potential at which the contributions of the window current and the cadmium-resistant current are minimal (Figures 2 and SA) . In several mammalian cardiac cells, a transient outward current is elicited by depolarizations positive to -20 mV.3031 There are several reasons to believe that this current has been suppressed by the cesium ions under our basal conditions since the calcium current-voltage relations were unaffected by 4-aminopyridine and ryanodine or by holding the membrane at -50 mV, a condition that inactivates it by half. Voltage characteristics of lCa in normal rat cells are in agreement with previously published data.28,29,32 With a "gapped" two-pulse protocol, relief from inactivation was observed at positive potentials as described on the same preparation by Josephson et Kleiman and Houser6 found no change in peak Ica density of feline myocytes while Keung9 found a 2.5-fold increase in Goldblatt hypertrophied rat myocytes. The discrepancy between the results of Keung and others may be a consequence of the different hypertrophy models. A tentative explanation for discrepancy could be that hypertrophy induces first a synthesis of calcium channels and second an increase in cell size, which the selection of cells revealed. In our model, synthesis of calcium channels would be concomitant with the increase in cell surface area since the dihydropyridine-receptor density14 and the inotropic response of Ca2' and calcium channel modifying agents36 were unchanged.
The lengthening of the action potential could also be due to alterations in the kinetics of ICa. Our study shows that the two time constants of ICa inactivation are identical in normal and hypertrophied cells in accordance with the results of Ten Eick et a110 concerning the hypertrophied right ventricle of the cat, but not with the results of Kleiman and Houser6 and Keung9 concerning the slow time constant. Furthermore, inactivation, reactivation, and frequency dependence of Ic, were similar in both cell types in accordance with previous reports.6,9 On the other hand, biochemical alterations of the intracellular calcium regulation and internal ATP concentration reported in the hypertrophied heart22,37,38 could account in part for the altered electrical properties in modifying, for example, the calcium permeability and kinetics of ICa of the hypertrophied cells. However, even when both cell types were identically perfused by the patch pipette, differences in action potential durations were seen. Thus, our results lead us to conclude that calcium channels of hypertrophied cells display the same electrical properties as those of normal cells.
As Therefore, we suggest that the lengthened action potential and the depressed contractility state recorded in hypertrophied rat heart after aortic stenosis cannot be accounted for by alterations in the calcium channel. However, a major modification seems to occur in the regulation of the calcium channel by the ,B-adrenergic system as a consequence of a reduced number of receptors and/or an altered coupling of the G-proteins. Thus, our results suggest that the abnormalities in the response to inotropic drugs during chronic cardiac hypertrophy are more likely to be explained by changes in specific receptors than by a reduction in calcium channels.
